Abstract-An ecological dynamic model based on phosphorus cycling of ecosystem was developed for Hanshiqaio wetland in North China. The state variables include dissolved inorganic phosphorus (P), duckweed (FP), submerged plant (SP), phytoplankton (A), zooplankton (Z), detritus (D) and dissolved inorganic phosphorus in pore water (PPP). In this study, a sub-model of duckweed was developed and integrated with other sub-models of submerged plants and phytoplankton into one comprehensive model. This model was calibrated and validated based on the data of three types of water areas with different ecological conditions. The simulation value and observation value agree well. This model is then used to evaluate the effects of ecological restoration methods. Three ecological restoration methods were set to predict the trend of P concentrations following the change of controlling methods for duckweed. We should harvest all duckweed before August and introduce duckweed into wetland after August to achieve better effect of ecological restoration. The model provides theoretical guidance and technical support for wetland ecological restoration.
I. INTRODUCTION
Urban wetland is a special ecosystem in city, which have important functions on ecological environment and social service. It provides many valuable ecological benefits such as water purification, flood control, and local microclimate adjustment, as well as scenery creation and cultural heritage. In the past few decades, urban wetlands are strongly influenced by long term discharge of untreated domestic and industrial wastewaters, storm water runoff, accidental spills and direct solid waste dumping as a result of rapid urbanization accompanied by weak urban planning [1] . Eutrophication becomes the major threat of urban wetland ecosystem.
The Hanshiqiao wetland was located in Shunyi district, city of Beijing with an area of about 19 km 2 ( Fig. 1 ). It was a typical plant-dominated shallow freshwater marsh wetland in North China. Influenced by urban and agricultural development and other activities, the ecological functions of Hanshiqiao wetland were seriously damaged. In 2005 the Hanshiqiao wetland nature reserve was established and the ecological remediation had great impact on delaying the The authors are with State Key Laboratory of Water Environment Simulation, School of Environment, Beijing Normal University, China (e-mail:
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wetland degradation [2] , [3] . However, at present, the Hanshiqiao wetland has no supply of upstream water and the recycled water supply is limited. Combined with agricultural and tourist activities, the Hanshiqiao wetland is at high eutrophication level and the pollution of core area is obviously more serious than the tourist area [4] . High eutrophication level leads to the boom of the duckweed. It covers nearly 80% to 90% of the water area in summer and in the early autumn. It may harm to the ecological condition of the wetland [5] , [6] .
Ecological models are of great importance to simulate the effects of macrophytes on the aquatic ecosystem. The wetland models considered ecological impact of macrophytes has experienced from simple to complex. A shallow lake ecological model based upon phytoplankton population dynamics was developed by Jørgensen and applied to Lake Glumsø [7] . Xu et al. developed a model for Lake Chaohu by combining the phosphorus cycles, plankton, macrophytes and fish biomass dynamics and discussed the effect of increasing the macrophyte area as the restoration method [8] , [9] . Xu developed a STELLA model for the structure of nutrient and phosphorus cycling within the food web, and evaluated and predicted the health status of Baiyangdian wetland. This model added submerged plants as a sub-model and simulated the ecological effects of submerged plant [10] . Zhao sought to establish a zoning-based ecological model for Baiyangdian wetland, and to assess the effects of different ecological restoration schemes by modeling the phosphorus cycle [11] .
However, duckweed as the typical floating plant in tropical and subtropical shallow wetland, was not considered in ecological dynamic models. This lead to the low model accuracy and applicability. Some studies were focus on the ecological effects of duckweed on the eutrophic wetland and developed some mechanism models about the growth mechanism of the duckweed and the absorption to nutrients. Samir Lasfar developed a comprehensive model based on the intrinsic growth rate to simulate the duckweed growth under controlled eutrophication conditions. This model permits to differentiate the effect of duckweed mat density from that of temperature, photoperiod. It can be used to simulate the change of growth rate under controlled conditions [12] , [13] . Kun Zhang developed mathematical models to describe nitrogen uptake and duckweed growth experimentally to study the kinetics of ammonium uptake under various concentrations [14] . But these models only explain the growth mechanism of duckweed and the absorption to nutrients in experiment lab. These can not reflect the field conditions of the wetland. Thus, it is necessary to develop a sub-model of duckweed and integrate sub-models of duckweed, submerged plants and phytoplankton into one comprehensive model. 
II. MATERIALS AND METHODS

A. Data Sources
The data for assessment indicator calculation were acquired from three sampling sites (see Table I ) from October 2013 to October 2014. Physical and chemical indices, including secchi disk depth (SD), chlorophyll-a (chla), dissolved inorganic phosphorus (P) and biological indices containing biomass of zooplankton, benthonic animals, macrophytes (duckweed and submerged plants) and detritus, were measured according to Jin et al. [15] . 
B. Model Structure
A ecological dynamic model is established based on the data acquired from field monitoring during Apr 2014-Oct 2014 for Hanshiqiao Wetland using the software Stella 9.0. Eutrophication is the main problem concerning wetland ecosystem. So the model structure is designed on the basis of the phosphorus cycling within the food wed. According to the monitoring result of water quality, it is assumed that phosphorus is the limiting factor.
The state variables include dissolved inorganic phosphorus (P), duckweed (FP), submerged plant (SP), phytoplankton (A), zooplankton (Z), detritus (D) and dissolved inorganic phosphorus in pore water (PPP). The initial values of the 8 state variables are directly or calculated from the observations in April, 2014.
The forcing functions to the wetland ecosystem mainly included solar radiation (SR), water temperature (T), water depth (depth), phosphorus loadings and removal of floating plant and submerged plant.
The most important processes considered in the model were as follows (The conceptual diagram of the ecological dynamic model is shown in Fig. 2 ; Definition of each state variable and processes included in the model are shown in Table II and III): 1) Growth of the duckweed was a function of time, upper limit of the mat density and the intrinsic growth rate of duckweed. The Michaelis-Menten kinetics model can be used to described the intrinsic growth rate of duckweed (r i ). r i was a function of temperature, photoperiod and concentrations of nutrients (see in Table III ). The model was calibrated using data from laboratory experiments and validated using experimental data from the literature by Samir Lasfar [12] . Floating plant was assumed to only take up nutrients from the water. Absorption of phosphorus is considered all into duckweed biomass. In the literature, the phosphorus content of duckweed dry weight was from 0.004 to 0.006 mgP mg -1 DW [16] . In this model, the value of constant is 0.0041. For this study, it is considered that the shading effects are related to the biomass of duckweed. Thus, the shading effects can be expressed with a parameter ‗s'.
where s is light transmittance. FP(g/m 2 ) is the biomass of duckweed. When the water surface is all covered by duckweed and almost no light can transmit through the duckweed, the biomass is 130.61 g/m 2 . This value was monitored to the spot. 2) Growth of phytoplankton and submerged plant was a function of time, water temperature, light, phosphorus concentration. Michaelis-Menten equation was used to describe the nutrient limitation. The light extinction through the water depth was considered to be due to shading effects of phytoplankton and submerged plants.
Phytoplankton was assumed to only take up nutrients from water while submerged plants acquired nutrients from both water and pore water. The uptake rate for phosphorus was assumed as 0.01, respectively. If the nutrient concentration of water is high, it was presumed that the growth was reduced in half when the concentration of dissolved inorganic phosphorus in water exceeded 1mg/L, respectively. Grazing of zooplankton on phytoplankton was a function of time, temperature, concentration of phytoplankton. It was assumed that the grazing efficiency was 60%. 3) Mortality of phytoplankton, zooplankton and submerged plants was an exponential function of temperature and expressed as a firs order reaction. The dead submerged plants were considered to directly settle to sediment phosphorus at a ratio of 7:1. Mortality of duckweed was 0.05 d -1 . 4) Settling of phytoplankton and detritus was a function of temperature and expressed as a first order reaction. The radio of phosphorus in settled phytoplankton and detritus was assumed as 0.01. 5) Mineralization of detritus, sediment phosphorus was a first order reaction, which was depended on the temperature and expressed as an exponential function of
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and water due to the differences in phosphorus concentrations. It was assumed that diffusion only happened when the concentrations of phosphorus in pore water were relatively higher than those in water and an IF function was used to describe this process. 7) Duckweed was considered to be eaten by fish and wild duck. In summer and autumn, duckweed was reaping by staff. 
C. Potential Ecological Restoration Methods
Based on recognition on the driving factors of Hanshiqiao wetland degradation, our study mainly sets management measures from the aspects of changing aquatic organisms, especially for controlling the duckweed booming. Management of duckweed booming is the key to water ecological restoration of Hanshiqiao wetland. And it is also the focus of our study. Accordingly, we set three scenarios for controlling duckweed booming and evaluation analysis:
Scenario 1: Keep the reclaimed water supply quality and harvest no duckweed; Scenario 2: Keep the reclaimed water supply quality and harvest 60% of duckweed every month; Scenario 3: Keep the reclaimed water supply capacity and harvest all duckweed to ensure that no duckweed on the surface of water.
III. RESULTS AND DISCUSSION
A. The Model Calibration and Validation
The sensitivity analysis mainly analyzed 21 parameters on the 7 state variables (dissolved inorganic phosphorus in water, detritus, dissolved inorganic phosphorus in pore water, phytoplankton biomass, zooplankton biomass, floating plant biomass and submerged plant biomass). The sensitivity level of parameter i was according to sensitivity class setted by Lenhart et al. [17] . Results (Table IV) show that some parameters, such as KA, KP and MSP were more effective for determining most of the key status variables. However, for some status variables, other impact parameters were more important. For instance, P was more sensitive to KA, KP and KPP.
The calibration of each parameter was performed by Nash-Sutcliffe efficiency coefficient (E NS ) until the values of E NS were above 0.7 [18] . Sampling site #3 was selected for model calibration based on the measured data from April 2014 to October 2014. The comparison of simulations and observations for important state variables including dissolved inorganic phosphorus (P) are presented in Fig. 3 . The value of E NS is 0.98. The figure shows that the concentration of P fell from April to October. This result may be due to absorption of duckweed growth to nutrients. The validation results of the key status variables of dissolved inorganic phosphorus for sampling sites #1 and #2 are shown in Fig. 4 and Fig. 5 . The value of E NS is 0.85 and 0.91. Fig. 4 shows the change of P at sampling site #1, which is outlet of the Hanshiqiao wetland. In April and May, water does not flow out of this area. This leads to enrichment of nutrients in this area. In the later month, water flows out of this area due to drainage of small dam and absorption of duckweed. The concentration of P rises in the spring and falls in summer and autumn. From simulation results of area with International Journal of Environmental Science and Development, Vol. 7, No. 8, August 2016 no duckweed (Fig. 5) , we can find that the concentration of P rises before July and then falls. This may be caused by dominance shift between phytoplankton and submerged plants. The dominance shift can influence the phosphorus cycle in the wetland. 
B. Effect Analysis of Ecological Restoration Methods
In the process of wetland restoration and management, managers usually want to determine which restoration method is effective in reducing the phosphorus concentration and optimize the restoration methods. In this study, we choose sampling site 3# as the scenario simulation area. The application of ecological dynamic model can predict the trend of P concentrations following the change of controlling methods for duckweed. Comparing the prediction results of three scenarios, we can find that Scenario 3 with no duckweed is more effective in ecological restoration than Scenarios 1 and 2 before August. After August, Scenario 1 (no harvest) and 2 (harvest 60% every month) are more effective and have similar effects in reducing P concentration. These changes may be due to the shading effects of duckweed to submerged plants and phytoplankton. Before August, the shading effects can restrain photosynthesis, which influenced nutrient absorption of submerged plants and phytoplankton. After August, the duckweed plays an important part in nutrient absorption while the biomass of submerged plants decreases. The results of the three scenarios have an intersection point in August (see in Fig. 6.) . Therefore, we should harvest all duckweed before August and introduce duckweed into wetland after August to achieve better effect of ecological restoration. 
